INTRODUCTION
Determination of content and distribution of porosity introduced in composites during fabrication, is an important issue in characterizing composite materials, especially thick ones. Dispersed or discrete elongated pores, located at the fiber-matrix or ply interfaces, can act as nuclei of further damage growth during loading of the composite laminate.
Both velocity and attenuation measurements of ultrasonic waves are widely used for nondestructive evaluation of composites. However, attenuation measurements investigated in [1] [2] [3] are susceptible to large scatter in the results due to non uniformity of the surface of the composite material and a high signal loss. These measurements usually require acquisition of multiple echoes that is also limited by signal loss. On the other hand, measurements of absolute value or dispersion of ultrasonic wave velocity are not so sensitive to the different surface conditions. Velocity measurements in composites have been carried out using single transmission of broadband pulses with center frequencies of 5 and 10 MHz in an immersion tank [4] . According to this technique the absolute value of the wave velocity in a composite can be determined only for a sample of known thickness measured separately.
The technique described in the present paper extends the area of application of velocity measurements for characterization of porosity in composite materials. This technique makes it possible to measure the absolute value and dispersion of ultrasonic wave velocity in thick composite laminates independently of the variation of composite thickness using non-contact transducers. The technique was applied to evaluation of porosity in unidirectional 200-ply graphite/ epoxy composite. Experimental results were compared with theoretical calculations and then correlated with void content measurements made by image analysis of photomicrographs of specimen cross-sections.
MEASUREMENT OF ULTRASONIC WAVE VELOCITY
An ultrasonic technique for velocity measurement was developed for cases with high signal loss caused by attenuation and from the specimen surface. This technique utilizing only the through-transmission signals is illustrated in Fig. 1 . The air-coupled transmitter generates an ultrasonic wave which being repeatedly reflected by the front face of the specimen and the face of transmitter provides a train of signals received by a contact transducer on the opposite side of the specimen. The time-of-flight for a directly transmitted signal (#1) can be expressed as where L = distance between transmitter and receiver, h = thickness of composite specimen, Co = velocity of ultrasonic wave in air, c = velocity of ultrasonic wave in composite.
I (1)
For the second and the nth transmitted signals the travel times are, respectively
The longitudinal wave velocity in the composite can be determined from Eq. (3) as
For composite laminates of variable thickness it is of great importance to obtain information on the wave speed at different locations on the specimen surface without additional measurements of the thickness at each point In this case it was suggested to use multiple signals transmitted through the composite in conjunction with direct transmission from transmitter to receiver through the air gap without a composite specimen between the transducers.
The travel time in air can be expressed as to =J.. CO (5) We can also write for the time delays between subsequent echoes transmitted from transmitter to receiver
where ~to is the time delay between signal propagation from transmitter to receiver without composite specimen (to) and with composite specimen between transducers (tl), ~tn is the time delay between the nth and the first signals transmitted through the composite.
Substitution of Eqs. (6) and (7) in Eq. (3) gives us
Using Eq. (8) the absolute velocity of an ultrasonic wave in a composite specimen can be found independently of the thickness of the specimen.
EXPERIMENTAL PROCEDURE
A schematic of the apparatus used in this experiment is shown in Fig.2 . An HP 3325B Function Generator produces a continuous sine wave signal in the frequency range of 0.8 to 1.8 MHz. This signal is applied to the Metrotek MG701 Gate which produces a tone-burst of the desired number of cycles with peak-to-peak voltage from 0.1 to 0.25 volts. The tone-burst is then amplified by a 50dB power amplifier ( EN! Radio Frequency 325LA) to a 30 to 75 volt peak-to-peak voltage. The amplified tone-burst is subsequently applied to a focused air-coupled transducer(U1tran KG75-1-P2) with a central frequency of 1.0MHz and focal length of 2.0". The transducer sends an ultrasonic signal through the air gap toward the composite specimen. This wave is transmitted through the air-composite interface as shown in Fig. 1 . The signal received by the receiving contact transducer (panametrics VI03 1.0 MHz) is amplified by a 5662 Panametrics Preamplifier. The output signal is then digitized by an Oscilloscope (Tek 2465B) and the data is acquired by a personal computer.
The wave velocity c in Eq. (8) can be directly measured in the time domain as shown in Fig. 3a . However, this approach is somewhat tedious and complicated. A technique so-called power cepstrum was developed and used for determining wave velocity from the signals with multiple echoes [5] . The same technique was applied to measure ~to by overlapping the transmitted signals obtained with and without the sample (Fig. 3b) .
It is desirable for signal processing to obtain signals of the highest signal-ta-noise ratio. Unfortunately, multiple reflection of the ultrasonic signal from the transmitter and the specimen reduces dramatically the signal amplitude and subsequently the accuracy of time delay measurement. Experiments carried out by the authors have shown that it is possible to increase the amplitude of received signals by selecting an appropriate distance between the transmitter and the specimen. For instance, the amplitude of signal #6 in the signal train shown in Fig. 4 is higher than even the amplitude of the directly transmitted signal # 1. The amplitudes of the enhanced signals in the train were measured for different distances between transmitter and specimen. Using the experimental curves shown in Fig.  5 one can select an appropriate position for the transmitter. The comprehensive study of the phenomena which presumably are based on the constructive interference of reflected signals is beyond the scope of this paper and requires additional experimental and theoretical work. , ...
.. Following the velocity measurements, the sample was prepared for microscopic examination by sectioning, mounting and polishing processes. Cross-sections of the specimen were examined under an optical microscope at lOOX magnification. Two typical cross-sections are shown in Fig. 6 . Reduction of wavespeed due to spherical pores in an isotropic medium was predicted by considering the modulus degradation based on Hashin's model [6] for the case of low void content Figure 7 shows qualitative agreement between experimental and theoretical results. 
DISPERSION MEASUREMENTS
The tone-burst technique has been used also for dispersion measurement The frequencies of the generated signals were varied from 0.8 to 1.8 MHz and absolute velocities of transmitted waves were measured for each frequency at various locations on the specimen surface. Figure 8 shows the results of dispersion measurements. Very low or no dispersion was observed in this frequency range.
CONCLUSION
An ultrasonic technique using an air-coupled focused transducer and cepStruIn analysis of signals has been developed for wave velocity measurement in thick composite laminates. The technique makes it possible to obtain absolute velocity in the composite without additional measurements of the material thickness at different locations of the specimen surface.
The developed technique was applied to characterize porosity in a 200-ply unidirectional graphite/epoxy composite laminate. The experimental results agreed qualitatively with predictions based on a simple model of an isotropic material with dispersed spherical porosity.
The dispersion of wave velocity in the frequency range 0.8-1.8 MHz was found to be low and varying from point to point
